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Adenovirus type 5 (Ad5) relocalizes and degrades the host DNA repair protein Mre11, and efficiently initiates viral DNA replication. Mre11
associates with Ad E4 mutant DNA replication centers and is important for concatenating viral genomes. We have investigated the role of Mre11
in the E4 mutant DNA replication defect. RNAi-mediated knockdown of Mre11 dramatically rescues E4 mutant DNA replication in cells that do
or do not concatenate viral genomes, suggesting that Mre11 inhibits DNA replication independent of genome concatenation. The mediator of
DNA damage checkpoint 1 (Mdc1) protein is involved in recruiting and sustaining Mre11 at sites of DNA damage following ionizing radiation.
We observe foci formation by Mdc1 in response to viral infection, indicating that this damage response protein is activated. However, knockdown
of Mdc1 does not prevent Mre11 from localizing at viral DNA replication foci or rescue E4 mutant DNA replication. Our results are consistent
with a model in which Mre11 interferes with DNA replication when it is localized at viral DNA replication foci.
© 2007 Elsevier Inc. All rights reserved.Keywords: Adenovirus; E4 mutant; DNA replication; Double strand break repair; Mre11; Damage response; Mdc1Introduction
Adenovirus (Ad) is a linear double stranded (ds) DNA virus.
Ad early region 4 (E4) mutants trigger a DNA damage response
in infected cells (reviewed in Weitzman et al., 2004). Proteins
involved in double strand break repair (DSBR) are activated and
concatenate the viral genome, which is recognized as a substrate
for repair. There are at least two distinct cellular pathways that
repair ds DNA breaks: homologous recombination (HR) and
non-homologous end joining (NHEJ). HR is an accurate form of
repair and is predominant in yeast. NHEJ is the predominant
mode of DSBR in higher eukaryotes. It involves the activity of a
variety of proteins including DNA-dependent protein kinase
(DNA PK) and the Mre11/Rad50/Nbs1 (MRN) complex and is
more prone to errors than HR (Sonoda et al., 2006; Allen et al.,
2003). DNA PK and the Ku heterodimer are important for
recruitment of the ligase IV/XRCC4 complex that ligates the⁎ Corresponding author. Fax: +1 513 529 2431.
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MRN complex, composed of the Mre11, Rad50, and Nbs1
proteins, plays a crucial role in both the HR and NHEJ pathways
in eukaryotes (Bressan et al., 1999; Tauchi et al., 2002; Huang
and Dynan, 2002). In E4 mutant infections the NHEJ repair
pathway is implicated in the concatenation of viral genomes.
Concatenation requires functional Mre11 and DNA PK. Ad
early proteins interfere with the activity of both Mre11 (Stracker
et al., 2002) and DNA PK (Boyer et al., 1999) and thereby
prevent concatenation of viral genomes during infection with
wild type Ad5.
The Ad E4 region produces two proteins from open reading
frame (ORF) 3 and ORF 6, E4-11kDa and E4-34kDa, which can
independently interfere with DSBR. These proteins each form a
physical complex with DNA PK (Boyer et al., 1999), thus
effectively inhibiting its activity in NHEJ. These proteins also
inactivate the MRN complex. The E4-11kDa protein re-
localizes Mre11 away from viral genomes to nuclear tracks;
this interferes with its function in concatenating viral genomes
(Stracker et al., 2002). A complex of E4-34kDa and E1b-55kDa
targets the MRN complex for proteasome-mediated degradation
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proteins to inactivate DSBR promotes efficient viral growth.
Jayaram and Bridge (2005) showed that genome concatenation
in E4 mutant infections interferes with viral late gene
expression. Evans and Hearing (2005) found that the re-
localization of Mre11 by E4-11kDa was essential for its ability
to promote efficient virus growth and that E4 mutant virus
growth was enhanced in cell lines devoid of Mre11. Taken
together these observations indicate that E4 proteins play a key
role in ensuring a productive viral infection by keeping the
activity of cellular DSBR proteins in check.
Mutants lacking both E4-34kDa and E4-11kDa display
severe defects in viral DNA replication at low multiplicities of
infection (MOI) (Weinberg and Ketner, 1986; Halbert et al.,
1985; Jayaram and Bridge, 2005). This DNA replication defect
can be overcome by high MOI, but it is not rescued by the
absence of genome concatenation (Jayaram and Bridge, 2005).
Mre11 is localized at E4 mutant viral DNA replication centers in
both high and low MOI infections. We do not yet know how
Mre11 is recruited to these sites. Localization of the MRN
complex to DNA damage foci in cells subjected to ionizing
radiation (IR) is thought to be regulated by the mediator of DNA
damage checkpoint protein (Mdc1), which physically interacts
with the Nbs1 component of the MRN complex (Goldberg et al.,
2003; Stewart et al., 2003; Lukas et al., 2004). Mre11 is capable
of physically binding DNA and also has exo- and endonuclease
activities (Trujillo et al., 1998) that are implicated in the process
of DNA repair (Paull and Gellert, 1998). Rad50 has two anti-
parallel coiled coil domains that can interact with coiled-coils
from other Rad50 molecules (de Jager et al., 2001; Hopfner et
al., 2002), thus allowing the Mre11/Rad50 heterodimer to tether
DNA ends during repair. Additionally, ATP binding by Rad50
provides the energy required for the enzymatic activity of Mre11
to function efficiently (Paull and Gellert, 1999; de Jager et al.,
2002). Nbs1 is crucial for the translocation of theMR complex to
the nucleus and for nuclear foci formation in response to DSBs
(Carney et al., 1998; Trujillo et al., 2003). It has been suggested
that Nbs1 could mediate protein-protein interactions between
Mre11 and other damage response signaling proteins (reviewed
by Assenmacher and Hopfner, 2004). The activities of this
complex on the Ad genome could potentially interfere with
access of viral replication proteins to the viral origins of
replication, which are located at the ends of the linear viral
genome.
Here, we have tested the hypothesis that the host DSBR
protein Mre11 may interfere with viral replication. Our results
indicate that degradation of Mre11 by wild type Ad5
corresponds to the onset of viral DNA replication. We show
that the presence of Mre11 at viral replication centers in low
multiplicity E4 mutant infections is correlated with inefficient
DNA replication. We also find that depletion of Mre11 by RNA
interference (RNAi) alleviates the E4 mutant DNA replication
defect. We show that Mdc1 is redistributed into foci in both Ad5
and E4 mutant infections prior to the onset of replication. In
contrast to its role in recruiting the MRN complex to foci
containing damaged DNA following IR, Mdc1 does not appear
to be required for recruiting Mre11 to viral replication foci.Results
Mre11 is redistributed to tracks and then degraded as Ad5
replication foci form
Mre11 is targeted by the Ad5 E4-11kDa and E4-34kDa
proteins for relocalization and degradation, respectively
(Stracker et al., 2002). We were interested in understanding
how these processes were initiated relative to the onset of viral
DNA replication. We performed time course experiments in
which HeLa cells were infected with Ad5 at an MOI of 3 Focus
Forming Units (FFU)/cell and then assayed for distribution of
Mre11 and formation of viral replication foci by immunofluor-
escence using antibodies (Abs) directed against the host DSBR
protein Mre11, and the viral replication protein E2-72kDa. Fig.
1A shows examples of Mre11 and E2-72kDa staining patterns
in Ad infected cells. Mre11 is relocalized into a series of nuclear
spots and tracks (Fig. 1A, panel a) and degraded (Fig. 1A, panel
d) as reported by Stracker et al. (2002). The viral E2-72kDa
protein was either diffuse (prior to the onset of replication) (Fig.
1A, panel b) or localized in foci corresponding to viral
replication centers (Fig. 1A, panel e). We scored cells for
each of these distributions at different time intervals post-
infection (Figs. 1B and C). Mre11 is first relocalized into spots
and tracks around 6 h post-infection (hpi) (Fig. 1B top graph).
Redistribution of Mre11 into these structures requires viral early
gene expression (Stracker et al., 2002) and coincides with
diffuse localization of the viral early E2-72kDa protein (Fig. 1B
bottom graph). Degradation of Mre11 initiated around 12 hpi
and eventually Mre11 was cleared in most of the infected cells
(Fig. 1C top graph). Western blot analysis indicated that Mre11
levels were reduced 15- to 20-fold at 24 hpi with Ad5 (data not
shown) as expected (Stracker et al., 2002). The cells lacking
Mre11 also show development of focal viral DNA replication
centers containing E2-72kDa (Fig. 1C bottom graph). These
results show that Mre11 degradation correlates well with the
formation of Ad5 DNA replication centers.
Localization of Mre11 at E4 mutant replication foci is
correlated with decreased viral DNA synthesis
E4 mutants are defective for DNA replication following low
multiplicity infections (Halbert et al., 1985; Weinberg and
Ketner, 1986). Since degradation of Mre11 correlates with the
onset of viral DNA replication in Ad5 infections, we wanted to
investigate the relationship of Mre11 distribution to E4 mutant
DNA replication. We studied the localization of the Mre11
protein during a time course following infection of HeLa cells
with E4 mutant H5dl1007 at an MOI of 3 FFU/cell. H5dl1007
carries a deletion that disrupts all of the E4 ORFs (Bridge and
Ketner, 1989; see also Materials and methods). The cells were
processed for immunofluorescence as described in Fig. 1. The
results are presented in Fig. 2A. In Ad5 infections, Mre11 is first
redistributed into track-like structures and later degraded as the
viral replication centers rapidly develop (Fig. 2A, panels a–i;
see also Fig. 1). The initial synthesis and diffuse distribution of
the viral 72 kDa protein in E4 mutant H5dl1007 infection is
Fig. 1. Mre11 is first redistributed to tracks and subsequently degraded as Ad5 replication foci form. HeLa cells were infected with Ad5 at 3 FFU/cell for 6, 12, 18, and
24 h. (A) Immunofluorescence staining was performed with antibodies specific for Mre11 (panels a and d) and the viral E2-72kDa protein (panels b and e). Panels a–c
and d–f represent an early and a late time in infection, respectively. Scale bar 10 μm. Immunostained cells from the time course were scored for Mre11 and E2-72kDa
distribution. Graphs presented in B show the percentage of cells with Mre11 in tracks (top graph) and diffuse E2-72kDa (bottom graph). Graphs presented in C show
the percentage of cells with Mre11 degraded (top graph) and E2-72kDa in replication centers (bottom graph).
348 S.S. Mathew, E. Bridge / Virology 365 (2007) 346–355similar to Ad5 infections (Fig. 2A, compare panel b with panel
k). Mre11 is detected at E2-72kDa containing foci from the
onset of E4 mutant DNA replication (Fig. 2A, panels m and n).
In contrast to Ad5 infections, Mre11 is present at the E4 mutant
replication foci that form throughout the infection process (Fig.
2A, panels m and p). In E4 mutant infections, E2-72kDa
replication foci remain small for a longer period than in Ad5
infections, indicating that while Ad5 replication rapidly
progresses, E4 mutant DNA replication is delayed (Fig. 2A,
compare panels e and h with panels n and q). We performed
Southern blotting experiments to compare the levels of viral
DNA synthesis in E4 mutant and Ad5 infected cultures. The
results in Fig. 2B show that DNA levels of H5dl1007 are
dramatically reduced compared to Ad5 at 12 and 24 hpi.
Quantitation from three experiments indicated that the DNA
replication defect of H5dl1007 was about 30- to 40-fold inexperiments performed at an MOI of 3FFU/cell. These results
suggests that the presence of the host Mre11 protein at DNA
replication sites may have an inhibitory effect on viral DNA
synthesis in low multiplicity E4 mutant infections.
Previous work has shown that E4 mutant genomes are
concatenated (Weiden and Ginsberg, 1994; Stracker et al.,
2002). We were interested in determining if concatenation of
viral genomes had any effect on the recruitment and distribution
of Mre11 or viral DNA replication. MO59J and MO59K cells
are derived from a human glioma. MO59J cells lack DNA PK
and fail to concatenate viral genomes, while MO59K cells have
active DNA PK and form genome concatemers (Boyer et al.,
1999; Jayaram and Bridge, 2005). Cells were infected and
processed for immunofluorescence and Southern blotting.
During early stages of E4 mutant infection on both MO59J
and MO59K cells, Mre11 is distributed into small foci that
Fig. 2. Localization of Mre11 at E4 mutant replication foci is correlated with
decreased DNA synthesis. HeLa cells were infected with E4 mutant H5dl1007
and Ad5 at 3 FFU/cell for 9, 12, and 24 h. (A) Immunofluorescence staining was
performed with antibodies specific to Mre11 (panels a, d, g, j, m, and p) and viral
E2-72kDa (panels b, e, h, k, n, and q). Scale bar 10 μm. (B) Southern blotting
analysis to compare levels of viral DNAwere performed with 10 μg of EcoRI-
digested DNA prepared from each infection. The EcoRI C fragment was used
for comparison of Ad5 and H5dl1007 DNA levels at 12 h and 24 h post-
infection.
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h). This association persists into later stages of the infection
when E2-72kDa centers become larger (Fig. 3A, panels d, e, j,
and k). In Ad5 infections Mre11 is degraded (Fig. 3A, panels m,
s, p, and v) and the viral E2-72kDa containing replication
centers are well developed compared to the E4 mutant. Viral
DNA replication was quantified by Southern blotting experi-
ments, which showed that in both MO59J and MO59K cells, E4
mutant DNA levels were significantly reduced compared to
Ad5 (Fig. 3B, panels a and b). These observations indicate thatthe inability of MO59J cells to concatenate viral genomes does
not prevent redistribution of Mre11 to viral replication centers
or rescue the viral DNA replication defect.
Mre11 inhibits E4 mutant viral DNA replication
Our results so far suggest a link between the presence of
Mre11 at viral replication centers and decreased DNA
replication efficiency. We next performed RNAi knockdown
experiments with siRNAs directed against Mre11 to directly
investigate its role in viral DNA replication. A pool of siRNA
duplexes was used to transfect HeLa cells. Transfected HeLa
cells were cultured for 96 h to allow knockdown of Mre11
expression before infection with Ad5 or the E4 mutant virus.
Mre11 levels were dramatically reduced in cells treated with
Mre11-specific siRNA as evidenced by immunofluorescence
(Fig. 4A) and western blotting (Fig. 4B). In untreated cells or
those treated with non-specific siRNA (non-targeting scrambled
siRNA), control siRNA against glyceraldehyde-3-phosphate
dehydrogenase (GAPD) or lipofection reagent D1 (Fig. 4B),
levels of Mre11 were unaffected.
We performed infections with Ad5 and H5dl1007 at an MOI
of 3FFU/cell in cells that were and were not treated with
siRNAs directed against Mre11. Infected cells were processed
for immunofluorescence and Southern blotting to visualize viral
DNA replication foci and quantify levels of DNA synthesis,
respectively. The immunofluorescence results following E4
mutant infections are shown in Fig. 4C. In untreated cells,
Mre11 associates tightly with viral replication foci (Fig. 4C,
panels a and b) that are poorly developed. By contrast, in cells
treated with siRNA specific for Mre11, E4 mutant replication
progressed efficiently as evidenced by the presence of larger
replication centers (Fig. 4C, panels d and e). We next performed
Southern blotting experiments to quantify levels of Ad5 and E4
mutant viral DNA synthesis in HeLa, MO59J, and MO59K
cells that were and were not subjected to Mre11 knockdown by
RNAi. Our results show that Mre11 knockdown greatly
enhances E4 mutant DNA replication in all three cell lines
(Fig. 4D). E4 mutant DNA levels at 24 hpi are about 40-fold
reduced compared to Ad5 in the absence of siRNA treatment.
When Mre11 is removed by siRNA treatment, E4 mutant DNA
levels recover to within 2-fold of Ad5. These data indicate that
Mre11 inhibits efficient viral DNA replication.
Mdc1 is relocalized in response to adenovirus infection
The Mdc1 protein is an early participant in ionizing radiation
induced DNA damage signaling pathways. It plays a central role
in transducing the DNA damage signal (Goldberg et al., 2003;
Lou et al., 2003) and regulating the checkpoint processes in
DNA repair pathways involving the MRN repair complex
(Stewart et al., 2003). The early response of Mdc1 following
ionizing radiation suggested a possible role for Mdc1 in the host
damage response to Ad infection. We therefore performed
experiments to investigate the distribution of Mdc1 in Ad5 and
E4 mutant infected cells. Infected cells were fixed and pro-
cessed for confocal microscopy by immunostaining with Abs
Fig. 3. Mre11 is recruited to viral replication centers in cells that do not concatenate E4 mutant genomes. MO59J and MO59K cells were infected with Ad5 or
H5dl1007 at 3 FFU/cell for 10 and 24 h. (A) The distribution of host Mre11 (panels a, d, g, j, m, p, s, and v) and viral E2-72kDa protein (panels b, e, h, k, n, q, t, and w)
was visualized by immunofluorescence staining with specific antibodies. (B) Total DNAwas prepared from cells infected for 24 h with Ad5 or H5dl1007 at 3 FFU/cell.
Viral DNA levels were quantified by Southern blotting analysis using 10 μg of EcoRI-digested DNA. The C fragment from the EcoRI digestion was used for
comparison between Ad5 and H5dl1007.
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E2-72kDa. In uninfected cells, Mdc1 is distributed diffusely
through the nucleus (Fig. 5A, panel a). At 4 hpi in both Ad5
(Fig. 5B, panels d–f) and E4 mutant infections (Fig. 5B, panels
m–o), Mdc1 forms foci prior to the synthesis of the early viral
E2-72kDa protein. Confocal images at 6 hpi for Ad5 (Fig. 5B,
panels g–i) show that several Mdc1 foci are closely associated
and in some instances colocalize with the E2-72kDa-containing
foci that start to form. Later in Ad5 infections, Mdc1 does not
colocalize with viral replication centers (Fig. 5B, panels j–l).
Initially in E4 mutant infections, Mdc1 foci are also closely
associated with the E2-72kDa centers (Fig. 5B, panels p–r) and
in some instances colocalize; but as the centers start to develop,
Mdc1 is redistributed to the periphery of these structures (Fig.
5B, panels s–u). The early accumulation of Mdc1 in foci
indicates its activation in response to viral infection.
Mdc1 is not required to recruit Mre11 to viral replication foci
Mdc1 is thought to be necessary for the sustained binding of
the MRN complex to sites of DNA damage induced by
ionizing radiation. Lukas et al. (2004) showed that the removal
of Mdc1 reduced the affinity of Nbs1 (and therefore the MRNcomplex) for damaged chromatin. It is possible that Mdc1
might have a role in the recruitment and/or sustained
maintenance of Mre11 at sites of viral DNA replication. We
used RNAi to knockdown the Mdc1 protein in HeLa cells.
Mdc1-specific knockdown was observed by immunofluores-
cence and western blotting as shown in Figs. 6A and B. Mdc1
levels remained unchanged in control siRNA treated relative to
untreated cells as shown in Fig. 6B. In the presence of Mdc1
(Fig. 6C, panels a–f), Mre11 is initially in small foci that
progress over the infection period to larger foci in E4 mutant
infections. Confocal microscopy shows that Mdc1 is associated
and in some instances colocalized with some of the early
Mre11 foci, but as the infection progresses it is relocalized to
the periphery of the larger foci (Fig. 6C, panels a–f).
Knockdown of Mdc1 by siRNA (Fig. 6C, panels g–l) did not
significantly affect the distribution pattern of Mre11 in E4
mutant infection, which continued to be localized in foci. In
separate immunostaining experiments we found that Mre11
colocalized with E2-72kDa in cultures knocked down for Mdc1
expression (data not shown). Southern blotting experiments to
quantify levels of Ad5 and E4 mutant DNA replication in the
presence and absence of Mdc1 are shown in Fig. 6D. We find
that the knockdown of Mdc1 does not rescue the viral rep-
Fig. 4. Mre11 inhibits DNA replication in E4 mutant infected cells. HeLa cells were transfected with control siRNA or Mre11 siRNA prior to infection with Ad5 or
H5dl1007 at 3 FFU/cell for 24 h. (A) Mre11 knockdown was monitored by immunofluorescence (scale bar 10 μm) and (B) western blotting of 75 μg of total protein
prepared 96 h after mock (−) or Mre11-specific siRNA (+) transfection, using goat polyclonal antibody against Mre11. Additional controls demonstrating the
specificity of Mre11 expression knockdown included no treatment (UT), non-targeting siRNA (non-targeting), siRNA against GAPD, and treatment with the
transfection reagent alone (D1). (C) Panels a–c represent host Mre11 and viral E2-72kDa distribution in untransfected cells infected with H5dl1007 at 24 hpi. The
distribution patterns of Mre11 and 72 kDa in siRNA transfected HeLa cells infected for 24 h with H5dl1007 are shown in panels d–f. (D) Levels of viral DNA
synthesis in Ad5 and H5dl1007 infected HeLa, MO59J, and MO59K cells with and without Mre11 siRNA transfection were quantified by Southern analysis of 10 μg
of EcoRI-digested total DNA prepared at 24 hpi. The C fragment from the DNA digestion was used for comparison between Ad5 and H5dl1007.
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replicate very efficiently irrespective of the status of Mdc1.
Discussion
The Ad E4-11kDa and E4-34kDa proteins are crucial for a
productive viral infection. Ad E4 mutants that lack these
proteins are severely defective for DNA replication and late
gene expression (Halbert et al., 1985; Weinberg and Ketner,
1986). At least some E4 mutant defects in viral growth
processes can be attributed to interference by host cell DSBR
activities. Host DSBR proteins, including the MRN complex,
recognize the linear ds viral genomes as substrates for repair.
The resulting genome concatemers are too large to be packaged
into the viral capsid. We have also shown recently that genome
concatenation interferes with viral late gene expression
(Jayaram and Bridge, 2005). Ad E4 proteins redistribute and
degrade the MRN complex, thereby inhibiting genome
concatenation (Stracker et al., 2002).Mre11 is degraded by the E4-34kDa:E1b-55kDa complex
(Stracker et al., 2002) and this is followed by the rapid
development of viral replication centers in Ad5 infections (Figs.
1 and 2). In E4 mutant infections, Mre11 persistently associates
with viral replication centers (Stracker et al., 2002; Fig. 2),
presumably by interacting with viral DNA ends as it is involved
in mediating repair by NHEJ. E4 mutants are defective for DNA
replication at low MOI (Jayaram and Bridge, 2005; Fig. 2).
Evans and Hearing (2005) have recently demonstrated that the
ability of the Ad E4-11kDa protein to redistribute Mre11 is
necessary for its ability to promote viral DNA replication. We
have shown (Fig. 4) that E4 mutant viral DNA replication is
substantially enhanced in HeLa cells subjected to RNAi-
mediated knock down of Mre11. Taken together, these
observations suggest that Mre11 can interfere with viral DNA
replication in addition to its role in interfering with viral late
gene expression (Jayaram and Bridge, 2005).
The ability of Mre11 to interfere with viral DNA replication
could be a direct effect or a consequence of genome con-
Fig. 5. The host Mdc1 protein is relocalized in response to Ad infection. HeLa
cells were infected with Ad5 and E4 mutant H5dl1007 at 3 FFU/cell for 4, 6, and
10 h. (A) Uninfected (UI) cells were stained with antibodies specific for host
Mdc1 (panel a) and viral E2-72kDa proteins (panel b) and analyzed by confocal
microscopy. (B) Confocal microscopy was used to analyze the distribution of
host Mdc1 (panels d, g, and j and panels m, p, and s) and viral 72 kDa (panels e,
h, and k and panels n, q, and t) in Ad5 (panels d–l) and H5dl1007 (panels m–u)
infections.
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concatenating E4 mutant viral genomes. However, Mre11 still
associates with E4 mutant DNA replication centers formed in
these cells (Fig. 3) and E4 mutant viral DNA replication is stillFig. 6. Mdc1 is not required to recruit Mre11 to E4 mutant DNA replication foci. HeLa
with Ad5 or H5dl1007 at 3 FFU/cell for 24 h. (A) Mdc1 knockdown was monitored
total protein prepared 96 h after mock (−) or Mdc1-specific siRNA (+) transfection, u
the specificity of Mdc1 expression knockdown included no treatment (UT), non-targe
the transfection reagent alone (D1). (C) Mre11 (panels a, d, g, and j) and Mdc1 (panel
(bottom) in H5dl1007 infection. The distribution of Mre11 and Mdc1 in siRNA trans
viral DNA synthesis in cells with and without Mdc1 siRNA transfection were qua
fragment from the digestion was used for comparison between Ad5 and H5dl1007.defective (Jayaram andBridge, 2005; Fig. 3). Here, we show that
RNAi-mediated knockdown of Mre11 expression in cells that
are (MO59K) and are not (MO59J) competent for concatenation
dramatically rescues the E4 mutant replication defect (Fig. 4).
These results are consistent with a role for Mre11 in the
inhibition of viral DNA replication that is independent of
genome concatenation. It is possible that physical binding of
Mre11 to viral DNA interferes with DNA replication.
Mre11 could be recruited directly to viral DNA replication
centers, or its interaction could be mediated through other
cellular proteins. Several investigations analyzing the damage
response to IR, suggest that the MRN complex may be a
primary sensor of DNA damage, acting upstream of all other
elements in the damage response pathway (Nelms et al., 1998;
Mirzoeva and Petrini, 2001; reviewed by Petrini and Stracker,
2003). Other investigators have found that Mdc1 forms early
foci and then recruits and sustains the presence of Mre11 at
these foci (Lukas et al., 2004). We find that Mdc1 is indeed
activated to form foci early after Ad infection (Fig. 5). However,
the recruitment of Mre11 to viral centers of replication still
occurred irrespective of the presence of Mdc1, and the absence
of Mdc1 did not rescue E4 mutant viral replication (Fig. 6).
These results are consistent with the idea that the MRN complex
functions as a DNA damage sensor (reviewed by Petrini and
Stracker, 2003). Recent observations made by Bekker Jensen et
al. (2006) suggest that different types of DNA damage can
cause distinct patterns of distribution of cellular damage
response proteins. It is possible that the incoming viral genomescells were transfected with control siRNA or Mdc1 siRNA before being infected
by immunofluorescence (scale bar 10 μm) and (B) western blotting of 75 μg of
sing rabbit polyclonal antibody against Mdc1. Additional controls demonstrating
ting siRNA (non-targeting), siRNA against GAPD (GAPD), and treatment with
s b, e, h, and k) distribution in untransfected cells (panels a–f) early (top) and late
fected HeLa cells infected with H5dl1007 is shown in panels g–l. (D) Levels of
ntified by Southern analysis with 10 μg of EcoRI-digested viral DNA. The C
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suggested by our observation that Mdc1 foci form before the
onset of DNA replication (4 hpi) in both Ad5 and E4 mutant
infections. As viral replication initiates, another tier of
responses involving the MRN complex might be activated
independently of Mdc1. We have additional evidence that
incoming replication-defective Ad genomes elicit a different set
of DNA damage responses than replicating Ad genomes
(Jayaram and Bridge, in preparation) and this is consistent
with the idea that cellular damage response machinery reacts
differently to different forms of DNA damage.
How does Mre11 interfere with viral DNA replication? It is
possible that viral DNA replication proteins and host DNA
repair factors compete for access to viral genomes. The MRN
complex could interfere with viral DNA replication by
physically binding to the ends of viral DNA and preventing
viral replication proteins from accessing replication initiation
sites. Alternatively or additionally, Mre11 nuclease activity may
degrade the ends of the genome and destroy viral replication
initiation sites, thereby effectively inhibiting viral DNA
replication. In this model, viral E4-11kDa and E4-34kDa
proteins would promote viral DNA replication by preventing
the Mre11 complex from physically or enzymatically acting on
viral genomes. This model is consistent with several observa-
tions. E4 deletion mutants display significant DNA replication
defects at low MOI, but this defect can be overcome by high
MOI (Jayaram and Bridge, 2005). We suggest that at low MOI,
DSBR proteins block E4 mutant genomes before viral
replication proteins can efficiently initiate DNA synthesis. At
high MOI, increased levels of infecting genomes and viral
replication proteins would allow virus proteins to outcompete
cellular DSBR proteins for interaction with viral DNA
genomes. This could result in efficient DNA replication even
in E4 mutant infections that fail to inactivate DSBR. Ad5 is
expected to initiate DNA synthesis efficiently at low MOI
because E4-mediated inactivation of cellular DNA repair
proteins would prevent genomes from becoming blocked. In
conclusion, our results indicate that the host DNA repair protein
Mre11 can inhibit Ad DNA replication, and that E4-mediated
inactivation of Mre11 is important for efficient DNA synthesis
and a productive viral infection.
Materials and methods
Cells and viruses
HeLa and E4 mutant-complementing W162 (Weinberg and
Ketner, 1983) monolayer cell cultures were maintained in
Dulbecco's modified Eagle medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 10 U/
mL penicillin, and 10 μg/mL streptomycin. MO59J and
MO59K cells were provided by Gary Ketner (Boyer et al.,
1999) and were maintained in DMEM with Ham's F12 (1:1)
mix supplemented with 10 U/mL penicillin, 10 μg/mL
streptomycin, 0.5 mM sodium pyruvate, 0.1 mM non-essential
amino acids (GIBCO), and 10% FBS. Ad5 and E4 mutant
H5dl1007 (Bridge and Ketner, 1989) were propagated on HeLaand W162 cells, respectively, and their titers were determined in
W162 cells and expressed as FFU/mL (Philipson, 1961). Cells
were infected at an MOI of 3 FFU/cell. E4 mutant H5dl1007
carries a deletion that extends from the SmaI site in ORF1 to
map unit 93.3 in the middle of ORF6. This mutant lacks ORFs
2, 3, 3/4, and 4, deletes the N-terminus of ORFs 6 and 6/7, and
deletes the C-terminus of ORF 1 (Bridge and Ketner, 1989).
Immunofluorescence analysis
Infected and uninfected HeLa cells seeded on coverslips in
35-mm dishes were washed with phosphate buffered saline
(PBS) and pre-fixed with 1% paraformaldehyde (PFA) in PBS
for 1 min, followed by 0.25%Triton X-100 extraction for 10min
and a final fix with 4% PFA in PBS for 10 min. Coverslips were
then washed 3× for 5 min in PBS. Cells on coverslips were
stained for immunofluorescence as described (Aspegren et al.,
1998) using the following primary antibodies: goat polyclonal
anti-Mre11 (Santa Cruz Biotechnology), rabbit polyclonal (T.
Linné) or mouse monoclonal B610 (A. Levine) anti-E2-72kDa
(1:2000 and 1:20 dilution, respectively), and rabbit polyclonal
anti-Mdc1 (Bethyl Labs) at dilutions recommended by the
manufacturers. Secondary antibodies included Donkey anti-goat
and anti-rabbit Alexafluor and Goat anti-mouse Fluorescein
Isothiocyanate (FITC) or Texas red (TR)-tagged antibodies.
Microscopy
Images of cells were visualized and scored by conventional
fluorescence microscopy with a Nikon eclipse E-400 micro-
scope using a 100× objective. Images were obtained and
recorded using a SPOT-2 charge-coupled device and capture
software provided by the manufacturer (Diagnostic Instruments
Inc.). Confocal microscopy (Figs. 5 and 6) was performed with
an Olympus FV500 Fluoview using a 100× objective. Cells
labeled with a single fluorochrome (either Alexa 488/FITC or
Alexa 594/TR) were checked in both optical channels for cross
talk. No leakage of signal was observed between the two
channels. The images were assembled using Adobe photoshop
6.0/7.0 software.
Western blotting analysis
Infected or uninfected HeLa cells seeded in 35-mm dishes
were washed twice with ice cold PBS and lysed in 300 μL of
lysis buffer (150 mM NaCl, 50 mM Tris pH 8.0, 5 mM EDTA,
0.15% (vol/vol) Igepal, 0.1 mM dithiothreitol (DTT), and 5 μg/
mL aprotinin and leupeptin). Cell lysates were sonicated and
total protein levels were determined by Bradford assay using the
Coomassie Plus protein reagent (Pierce) according to the
manufacturer's instructions. Equal amounts of total protein
were subjected to sodium dodecylsulfate polyacrylamide gel
electrophoresis (SDS–PAGE) analysis using 6.5% or 8%
polyacrylamide gels. Proteins were transferred to enhanced
chemiluminescence (ECL) nitrocellulose (Amersham Pharma-
cia) overnight and the membranes were probed with primary
antibodies diluted in 5% nonfat dry milk. Goat polyclonal
354 S.S. Mathew, E. Bridge / Virology 365 (2007) 346–355antibody against Mre11 (Santa Cruz Biotechnology) was used at
a dilution of 1:250. Rabbit polyclonal antibody against Mdc1
(Bethyl Laboratories) was diluted to 1:2500 for use. Protein blots
were incubated with 1:1500 dilution of horseradish peroxidase-
conjugated donkey anti-goat (Santa Cruz Biotechnology) or goat
anti-rabbit IgG secondary antibodies in 5% nonfat dry milk.
Detection of proteins was performed by incubating blots with
ECL reagent and subsequently exposing them to ECL hyperfilm
(Amersham).
Viral DNA analysis
Isolation of total DNA was performed from infected and
uninfected cells as described previously (Bridge and Ketner,
1989). Fifteen micrograms of total DNA from each sample was
digested with EcoRI and electrophoresed through a 1% agarose
gel. DNA was transferred to Hybond-N nylon membrane (GE
Healthcare/Amersham) according to manufacturer's specifica-
tions and used for Southern blotting. A 32P-labeled probe was
synthesized fromAd5 genomic DNA using themultiprimeDNA
labeling system (GEHealthcare/Amersham). Hybridization with
5×106 cpm/ml probe was performed at 65 °C for 20 h as
described (Sambrook et al., 1989). Levels of viral DNA were
quantified by phosphorimaging analysis of the Ad EcoRI C
fragment. Scanned images were analyzed using ImageQuant 5.2
(Molecular Dynamics) software to quantify the amount of DNA.
RNAi analysis
HeLa cells seeded onto 35-mm tissue culture dishes at 50%
confluency were transfected with siRNA according to manufac-
turer's specifications (Dharmacon Technologies) at 200 pmol/
plate. siRNA against GAPD (positive control) (siCONTROL
Human GAPD Duplex D-001140-01-05) and non-targeting
scrambled siRNA (negative control) (siCONTROL non-target-
ing siRNA pool D-001206-13-05) and a lipofection reagent
(D1) control were also included as controls for the experiments.
siRNA pools specific to human Mre11 (siGENOME smart pool
M-009271-00-05) or Mdc1 (siGENOME smart pool M-
003506-02-05) were used to knockdown the expression of
these proteins. Levels of the Mre11 or Mdc1 protein after
siRNA transfection were analyzed using western blotting and
immunofluorescence. HeLa cells were incubated with siRNA
for a minimum of 96 h before infecting with Ad5 or H5dl1007
viruses for an additional 24 h. Viral DNA analysis was then
performed as described above.
Acknowledgments
We are very grateful to Gary Ketner for providing MO59J
and MO59K cells, and Arnold Levine and Thomas Linné for
providing E2-72kDa antibodies used in this study. We also
wish to thank Gary Janssen for critically reading the manu-
script and all the members of our laboratory for their
suggestions and support. This research was supported by the
National Cancer Institute (grant CA82111) and awards from
the Miami University.ReferencesAllen, C., Halbrook, J., Nickoloff, J.A., 2003. Interactive competition between
homologous recombination and non homologous end joining. Mol. Cancer
Res. 1, 913–920.
Aspegren, A., Rabino, C., Bridge, E., 1998. Organization of splicing factors in
adenovirus-infected cells reflects changes in gene expression during the
early to late phase transition. Exp. Cell Res. 245, 203–213.
Assenmacher, N., Hopfner, K.P., 2004. MRE11/RAD50/NBS1: complex
activities. Chromosoma 63, 631–638.
Bekker Jensen, S., Lukas, C., Kitagawa, R., Melander, F., Kastan, M.B., Bartek,
J., Lukas, J., 2006. Spatial organization of the mammalian genome
surveillance machinery in response to DNA strand breaks. J. Cell Biol.
173, 195–206.
Boyer, J., Rohleder, K., Ketner, G., 1999. Adenovirus E4 34K and E4 11K
inhibit double strand break repair and are physically associated with the
cellular DNA-dependent protein kinase. Virology 263, 307–312.
Bressan, D.A., Baxter, B.K., Petrini, J.H., 1999. The Mre11-Rad50-Xrs2 protein
complex facilitates homologous recombination based double strand break
repair in Saccharomyces cerevisiae. Mol. Cell Biol. 19, 7681–7687.
Bridge, E., Ketner, G., 1989. Redundant control of adenovirus late gene
expression by early region 4. J. Virol. 63, 631–638.
Carney, J.P., Maser, R.S., Olivares, H., Davis, E.M., Le Beau, M., Yates III, J.R.,
Hays, L., Morgan, W.F., Petrini, J.H., 1998. The hMre11/hRad50 protein
complex and Nijmegen breakage syndrome: linkage of double strand break
repair to the cellular DNA damage response. Cell 93, 477–486.
Carson, C.T., Schwartz, R.A., Stracker, T.H., Lilley, C.E., Lee, D.V., Weitzman,
M.D., 2003. The Mre11 complex is required for ATM activation and the
G2/M checkpoint. EMBO J. 22, 6610–6620.
de Jager, M., van Noort, J., van Gent, D.C., Dekker, C., Kanaar, R., Wyman, C.,
2001. Human Rad50/Mre11 is a flexible complex that can tether DNA ends.
Mol. Cell 8, 1129–1135.
de Jager, M., Wyman, C., van Gent, D.C., Kanaar, R., 2002. DNA end binding
specificity of human Rad50/Mre11 is influenced by ATP. Nucleic Acids Res.
30, 4425–4431.
DeFazio, L.G., Stansel, R.M., Griffith, J.D., Chu, G., 2002. Synapsis of DNA
ends by DNA dependent protein kinase. EMBO J. 21, 3192–3200.
Evans, J.D., Hearing, P., 2005. Relocalization of the Mre11-Rad50-Nbs1
complex by the adenovirus E4 ORF3 protein is required for viral replication.
J. Virol. 7, 6207–6215.
Goldberg, M., Stucki, M., Falck, J., D'Amours, D., Rahman, D., Pappin, D.,
Bartek, J., Jackson, S.P., 2003. MDC1 is required for the intra S phase DNA
damage checkpoint. Nature 421, 952–956.
Halbert, D.N., Cutt, J.R., Shenk, T., 1985. Adenovirus early region 4 encodes
functions required for efficient DNA replication, late gene expression, and
host cell shutoff. J. Virol. 56, 250–257.
Hopfner, K.P., Craig, L., Moncalian, G., Zinkel, R.A., Usui, T., Owen, B.A.,
Karcher, A., Henderson, B., Bodmer, J.L., McMurray, C.T., Carney, J.P.,
Petrini, J.H., Tainer, J.A., 2002. The Rad50 zinc-hook is a structure joining
Mre11 complexes in DNA recombination and repair. Nature 418, 562–566.
Huang, J., Dynan, W.S., 2002. Reconstitution of the mammalian DNA double
strand break end joining reaction reveals a requirement for an Mre11/Rad50/
Nbs1-containing fraction. Nucleic Acids Res. 30, 667–674.
Jayaram, S., Bridge, E., 2005. Genome concatenation contributes to the late
gene expression defect of an adenovirus E4 mutant. Virology 342, 286–296.
Lou, Z., Mintner-Dykhouse, K., Wu, X., Chen, J., 2003. MDC1 is coupled to
activated CHK2 in mammalian DNA damage response pathways. Nature
421, 957–961.
Lukas, C., Melander, F., Stucki, M., Falck, J., Bekker-Jensen, S., Goldberg, M.,
Lerenthal, Y., Jackson, S.P., Bartek, J., Lukas, J., 2004. Mdc1 couples DNA
double strand break recognition by Nbs1 with its H2Ax-dependent
chromatin retention. EMBO J. 23, 2674–2683.
Mirzoeva, O.K., Petrini, J.H., 2001. DNA damage dependent nuclear dynamics
of the Mre11 complex. Mol. Cell Biol. 21, 281–288.
Nelms, B.E., Maser, R.S., Mackay, J.F., Lagally, M.G., Petrini, J.H., 1998. In
situ visualization of DNA double strand break repair in human fibroblasts.
Science 280, 590–592.
355S.S. Mathew, E. Bridge / Virology 365 (2007) 346–355Paull, T.T., Gellert, M., 1998. The 3′ to 5′ exonuclease activity of Mre11
facilitates repair of DNA double strand breaks. Mol. Cell 1, 969–979.
Paull, T.T., Gellert, M., 1999. Nbs1 potentiates ATP-driven DNA unwinding and
endonuclease cleavage by the Mre11/Rad50 complex. Genes Dev. 13,
1276–1288.
Petrini, J.H., Stracker, T.H., 2003. The cellular response to DNA double strand
breaks: defining the sensors and mediators. Trends Cell Biol. 13, 458–462.
Philipson, L., 1961. Adenovirus assay by the fluorescent cell counting
procedure. Virology 15, 263–268.
Reddy, Y.V., Ding, Q., Lees-Miller, S.P., Meek, K., Ramsden, D.A., 2004. Non
homologous end joining requires that the DNA PK complex undergo an
autophosphorylation-dependent rearrangement at DNA ends. J. Biol. Chem.
279, 39408–39413.
Sambrook, J., Fitsch, E.F., Maniatis, T., 1989. Molecular Cloning: A Laboratory
Manual. Cold Spring Harbor Press, Cold Spring Harbor.
Sonoda, E., Hochegger, H., Saberi, A., Taniguchi, Y., Takeda, S., 2006.
Differential usage of non homologous end joining and homologous
recombination in double strand break repair. DNA Repair 5, 1021–1029.
Stewart, G.S., Wang, B., Bignell, C.R., Taylor, A.M., Elledge, S.J., 2003. MDC1
is a mediator of the mammalian DNA damage checkpoint. Nature 421,
961–966.
Stracker, T.H., Carson, C.T., Weitzman, M.D., 2002. Adenovirus oncoproteins
inactivate theMre11-Rad50-NBS1DNA repair complex. Nature 418, 348–352.Tauchi, H., Kobayashi, J., Morishima, K., van Gent, D.C., Shiraishi, T.,
Verkaik, N.S., van Heems, D., Ito, E., Nakamura, A., Sonoda, E., Takata,
M., Takeda, S., Matsuura, S., Komatsu, K., 2002. Nbs1 is essential for
DNA repair by homologous recombination in higher vertebrate cells.
Nature 420, 93–98.
Trujillo, K.M., Yuan, S.S., Lee, E.Y., Sung, P., 1998. Nuclease activities in a
complex of human recombination and DNA repair factors Rad50, Mre11,
and p95. J. Biol. Chem. 273, 21447–21450.
Trujillo, K.M., Roh, D.H., Chen, L., Van Komen, S., Tomkinson, A., Sung, P.,
2003. Yeast xrs2 binds DNA and helps target rad50 and mre11 to DNA ends.
J. Biol. Chem. 278, 48957–48964.
Weiden, M.D., Ginsberg, H.S., 1994. Deletion of the E4 region of the genome
produces adenovirus DNA concatemers. Proc. Natl. Acad. Sci. U.S.A. 91,
153–157.
Weinberg, D.H., Ketner, G., 1983. A cell line that supports the growth of a
defective early region 4 deletion mutant of human adenovirus type 2. Proc.
Natl. Acad. Sci. U.S.A. 80, 5383–5386.
Weinberg, D.H., Ketner, G., 1986. Adenoviral early region 4 is required for
efficient viral DNA replication and for late gene expression. J. Virol. 57,
833–838.
Weitzman, M.D., Carson, C.T., Schwartz, R.A., Lilley, C.E., 2004. Interactions
of viruses with the cellular DNA repair machinery. DNA Repair 3,
1165–1173.
